We study the evolution of the circumstellar medium of massive stars. We pay particular attention to Wolf-Rayet stars that are thought to be the progenitors of some long Gamma-Ray Bursts. We detail the mass-loss rates we use in our stellar evolution models and how we estimate the stellar wind speeds during different phases. With these details we simulate the interactions between the wind and the interstellar medium to predict the circumstellar environment around the stars at the time of core-collapse. We then investigate how the structure of the environment might affect the GRB afterglow. We find that when the afterglow jet encounters the free-wind to stalled-wind interface that rebrightening occurs and a bump is seen in the afterglow light curve. However our predicted positions of this interface are too distant from the site of the GRB to reach while the afterglow remains observable. The values of the final-wind density, A * , from our stellar models are similar to the values inferred from observed afterglow lightcurves and those from observed Wolf-Rayet stars.
stars. By using our models however we can investigate the parameters to be expected from massive stars. Our models need something extra to turn them from SN progenitors to GRB progenitors. This something extra is likely to be non-solid body rotation or a binary companion. We will discuss the effect of these extra factors on our results.
The other theme of GRB progenitor studies concerns the circumstellar medium such as Ramirez-Ruiz et al. (2001) , Ramirez-Ruiz et al. (2005) , Chevalier, Li & Fransson (2004) and van Marle, Langer & Garcia-Segura (2005) . These consider the environment around the stars through which the jet will propagate during its afterglow phase. This is a very important constraint since much more information can be gathered on the afterglow than can be obtained from the brief prompt gamma-ray emission. These studies are useful and indicate that some GRB afterglows are consistent with the circumstellar environment around WR stars. The two pieces of evidence are some afterglow lightcurves where the rate of decay is explained by the jet passing through a stellar wind environment. While in some GRBs absorption lines have been observed that are consistent with velocities from WR stars.
In this study we follow this line of enquiry, investigating the pre-SN winds and circumstellar environment around WR stars, to estimate the range of environments that can be expected around GRB progenitors if they are WR stars. We begin by briefly describing the most important details of our stellar model, the mass-loss prescription and the method used to calculate the velocity of the stellar wind during different phases of the stars' lifetimes.
Using these details we then simulate the evolution of the circumstellar environment up to the point before a SNe or GRB will occur. We then discuss how the circumstellar environment varies over the stars initial mass and metallicity and the initial density of the interstellar medium (ISM). We pay particular attention to the free-wind density through which the jet will propagate through and whose density can be inferred from GRB afterglow lightcurves.
From our simulations we suggest that in afterglow simulations a stalled-wind region should be included as well as the free-wind. The density jump between these two regions can produce rebrightening in the afterglow as suggested by Lazzati et al. (2002) . We demonstrate the effect on the lightcurve with our own afterglow calculations, varying the free-wind density and the position of the free-wind/stalled-wind interface.
Finally we turn to the observations of absorption features in afterglow spectra that may be caused by material in the GRB progenitor's stellar wind. First we consider the ionisation state of the material. Second we determine whether the velocities inferred from observations are consistent with our WR star models. We then show how using the absorption features
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GRB PROGENITORS AND THEIR WINDS.
The first GRB afterglow was discovered for GRB970228 (van Paradijs et al. 1997) . At the time of writing 120 GRBs have observed optical afterglows 1 . Many of these GRBs have detailed lightcurves and some have optical absorption line spectra. van Marle, Langer & Garcia-Segura (2005) have shown that some of the absorption lines seen in the afterglow of GRB021004 are consistent with the wind from a WR star. Therefore it may be possible to directly measure the mass-loss rates and wind velocities of the massive stars that are GRB progenitors.
This requires the prediction of the range of wind velocities from massive stars and the environment around the star produced by the interaction of the wind with the interstellar medium (ISM). This information can be obtained by detailed stellar evolution calculations and consideration of hydrodynamics to estimate the density structure around the star. It is also important to estimate the ionisation state of this material to calculate which ionic species will be observed. The first step is to model the massive stars themselves.
Construction and Testing of the Stellar Models.
The stellar models we use were produced with the Cambridge STARS stellar evolution code originally developed by Eggleton (1971) and updated most recently by Pols et al. (1995) and Eldridge & Tout (2004a) . Further details can be found at the code's home page (http://www.ast.cam.ac.uk/∼stars). The models are available from the same location for download. The models are the same as those described in Eldridge, Izzard & Tout (2005) .
We use 46 zero-age main-sequence models that have masses from 5 to 200 M ⊙ . The stars have a uniform composition determined by X = 0.75 − 2.5Z and Y = 0.25 + 1.5Z, where X is the mass fraction of hydrogen, Y that of helium and Z is the initial metallicity. This initial metallicity takes values from 10 −3 to 0.05, equivalent to latest burning stages are very short, a standard WR wind of 1000 km s −1 will only travel a distance of the order of few × 10 15 cm as the final burning stages occur. This is smaller than the inner radius taken in our circumstellar environment simulations.
The mass-loss prescription is based upon that of Dray & Tout (2003) but has been modified. We use the rates of de Jager, Nieuwenhuijzen & van der Hucht (1988) unless the mass-loss rates are described by one of the following prescriptions. For OB stars we use the rates of Vink, de Koter & Lamers (2001) and for WR stars we use the rates of Nugis & Lamers (2000) . The rates of Vink, de Koter & Lamers (2001) include their own scaling with metallicity.
For the remaining mass-loss rates we scale by the initial metallicity with the factor of (Z/Z ⊙ ) 0.5 . This is commonly used for non-WR stars (Eldridge & Tout 2004b; Heger et al. 2003) , however it has only recently been suggested to be included for WR stars (Vanbeveren, De Loore & Va 1998a; Crowther et al. 2002; Eldridge 2004; Eldridge, Izzard & Tout 2005) .
In figure 1 we plot an important prediction of our models for a GRB progenitor. The dashed line in figure 1 is the minimum mass for hydrogen-free Wolf-Rayet stars. Stars to the left retain hydrogen while stars to the right have lost all hydrogen and are compact
Wolf-Rayet stars. These are thought to be the most likely GRB progenitors as their compact size means the relativistic jet from the central black hole can penetrate through the stellar material and emerge at the surface to produce the GRB.
From the graph we notice that there is a maximum metallicity for direct black hole formation and that the minimum mass for a WR star increases with lower metallicity. These two factors are important in predicting the efficiency of producing GRB progenitors at different metallicities. If we require a GRB progenitor to be a WR star and form a black hole directly we can see the maximum GRB progenitor efficiency is at a metallicity mass fraction of 0.006 assuming the initial mass function and star-formation rate are constant with metallicity. At lower metallicities the GRB progenitor efficiency decreases while at higher metallicities the rate also decreases with a cut off at solar metallicity.
We note that all these stars are modelled as single stars and we do not include binary stars. We have investigated a small section of binary parameter space and find that the main result is to move the minimum mass for WR stars to lower initial masses. However the lowest initial mass for a binary WR star also increases with decreasing metallicity. Therefore there are fewer WR stars at lower metallicities and the binaries become the dominant channel for their production. At the lowest metallicities stars may evolve homogeneously becoming WR stars without losing a large amount of their initial mass ).
We also do not include rotation or magnetic fields. The biggest effect of including rotation in massive stars is an enhanced mass-loss rate because of the stellar rotation (Hirschi, Meynet & Maeder 2004) , however there is little direct evidence that this should be included. The main effect on our models would be to produce a slightly lower final pre-SN mass. Rotating models tend to reproduce the WR stars rotating at velocities similar to those of observed WR stars (Harries et al. 1998) . However if the stars are rotating as solid bodies this is not fast enough rotation to produce a GRB. Therefore something extra is required for our models to be GRB progenitors. We discuss how rotation and duplicity are likely to affect our results. 
The Stellar Wind
We have the mass-loss history for all our stellar models. We do not have the speed of the stellar wind as it is not required to model a star's evolution but it is required to model the circumstellar environment. There are few detailed studies of the dependence of wind velocity on stellar parameters. Fortunately the detailed study of Nugis & Lamers (2000) concerns the winds of WR stars. Therefore we can predict the density structure that surrounds these stars with reasonable accuracy.
The first step in estimating stellar wind speeds is to determine the stellar type. We define two types, WR stars and pre-WR stars. We use the same definitions as for our mass-loss rates. If the surface hydrogen mass fraction is less than 0.4 and the surface temperature is greater than 10 4 K the star is a WR star. Other stars feature a large hydrogen envelope and are main-sequence stars or red supergiants (RSGs). We refer to these as pre-WR stars.
For pre-WR stars we first calculate the escape velocity at the stellar surface. It is a reasonable assumption that any material escaping from a star's gravitational influence must be related to this velocity. To account for the reduction of the escape velocity of luminous stars which are close to the Eddington Limit we include the Eddington factor. Therefore,
, and σ e = (0.401(X + Y /2 + Y /4))cm 2 . The escape velocity without the Eddington factor, was taken directly as the wind velocity in the study by Ramirez-Ruiz et al. (2001) ; this overestimates the wind speed. Further more the physical processes that accelerate the stellar wind are complex (Kudritzki, Pauldrach & Puls 1987; Vink, de Koter & Lamers 2001) . To account for this we relate the wind velocity and the escape velocity by using a constant to express the acceleration process uncertainty, The wind velocity of a WN star, as derived by Nugis & Lamers (2000) is,
with a standard deviation of 0.084 dex. For a WC star the wind velocity is given by, log(v wind /v escape ) = −2.37 + 0.13 log L * − 0.07 log Z.
with a standard deviation of 0.13 dex. Using these equations give us a fairly accurate prediction of the wind velocity for our WR stars.
In our wind speeds we include a factor of (Z/Z ⊙ ) 0.13 as suggested by Vink, de Koter & Lamers (2001) . In this we are assuming that all stellar winds are driven by radiative processes on metals. This is true for OB main sequence stars but the processes that drives WR and RSG mass loss are unknown even though there are some suggestions (Heger & Langer 1996) . For WR stars it is more uncertain whether we should include the scaling of wind velocity by initial metallicity. In radiatively driven winds it is known that the few but strong lines of CNO elements determine the wind speed while the many but weak lines of iron group elements determine the mass-loss rate (Vink, de Koter & Lamers 2001) . The CNO abundance in WR stars has little relation to the initial metallicity. However we do include the metallicity scaling in calculating our predicted WR wind velocities.
In figure 2 we plot the pre-SN wind velocity of our models. During the evolution of the star the wind velocity varies above or below the values in the figure. The wind velocities indicated here will determine the free-wind region velocity and density. For single stars we can see there is a clear division between the RSGs and WR stars with them having slow and fast winds respectively. The evolution of pre-SN velocity with metallicity is interesting.
WR stars at lower metallicity are more massive for the same initial mass due to reduced mass loss. This makes the escape velocity larger and therefore from our calculations the wind velocity greater. A second contributing factor is that more massive WR stars are more luminous, this too leads to stronger, faster wind. The final predicted wind velocities for our WR stars and the velocities during their previous evolution agree with the observed wind velocities of WR stars such as those listen in Nugis & Lamers (2000) .
It is important to note that our models only produce WN or WC stars. We find no WO stars, if we adopt the normal definition of (x C + x O )/y > 1 ( The circumstellar environment of Wolf-Rayet stars & Gamma-ray burst afterglows. 11 mass-loss rates fit into the trend of WC stars but their wind velocities are significantly larger by a factor of 2 to 3 than WC stars of the same luminosity at solar metallicity.
Because there are very few observed WO stars it is not possible to determine a trend of how the wind velocity changes with the stellar parameters.
WO are very rare in the sky. They are also very difficult to produce in stellar models, Hirschi, Meynet & Maeder (2005) produce one WO star from their collection of models.
By not producing WO stars in our study we know that we are missing a possible type of progenitor star. To produce one WO stars for every 100 WR stars we find that we have to redefine WO stars to be those where (x C + x O )/y > 0.8. However it is also likely that WO stars are the result of enhanced mass-loss during evolution, either by rotation or a binary interaction. Therefore it must be remembered that supplemental to the wind velocities shown in figure 2, WO stars also produce wind velocities greater than 4000km s −1 , over a range of metallicities. Therefore the velocities should be considered to have an upper limit 3 times the values presented here. Further more we find that our solar metallicity WR models have higher wind speeds earlier in their WC evolution before slowing to the values in figure 2.
This means that there are WC stars that have slightly higher velocities than our predicted pre-SN wind velocities.
There is a further uncertainty introduced into the final wind velocities from binary stars.
Binary systems not only enhance mass-loss they introduce the possibility of mass gain, either my stellar mergers of mass transfer. If a star is replenished with hydrogen the helium core will be able to grow larger as the gained mass is lost. Larger helium cores will lead to more massive WR stars. More massive WR stars may also be possible through mergers of two helium stars as suggested by Fryer & Heger (2005) . Such stars will be more luminous and therefore will have faster winds with speeds intermediate between those in figure 2 and those of WO stars.
Our next step is to simulate the interactions of the wind with the surrounding ISM.
This will then enable us to predict the circumstellar environment in which the GRB jet
propagates through and interacts with to produce a GRB afterglow.
The circumstellar material
The theory of stellar wind bubbles has long be established (Castor, McCray & Weaver 1975; Weaver et al. 1977; Ostriker & McKee 1988) . These analytic studies provide the details . The density of the circumstellar environment of a 70M ⊙ star with Z = 0.004. The initial ISM density was n 0 = 10 cm −3 . The age of the star is 3.86 million years and the nuclear reaction in the core is neon burning. In the lower panel darker colours are less dense, lighter shades are higher density. In the upper panel we present cross-sections through this environment. The solid line follows the x-axis, the dotted line along the line x = y and the dashed line the y-axis.
of the interaction between stellar winds and the surrounding inter-stellar medium. How the various wind phases interact has been studied by Garcia-Segura, Mac-Low & Langer (1996a), Garcia-Segura, Langer & Mac-Low (1996b) , Ramirez-Ruiz et al. (2005) and van Marle, Langer & (2005) . We perform a similar study using the Zeus-2D code as described by Stone & Norman (1992) . An important difference is that we investigate how initial stellar mass, initial metallicity and initial ISM density effect the resultant wind bubbles.
Our simulations are simple. The simulations include only the hydrodynamics of the
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stellar wind and ISM, conserving momentum, mass and energy. We assume the material composition is homogeneous and introduce the wind material at the inner meshpoints at the correct density and velocity to give the mass-loss rate predicted from our stellar models.
We allow the velocity of wind and the mass-loss rate to vary exactly as that predicted from the stellar models rather than chose a fixed average wind speed and mass-loss rate. We use 1000 meshpoints in the radial direction and 49 in the azimuthal direction over 90
• . We first run 1D simulations to determine the radial extent required. We then rerun the simulations in 2D. The position of the outer meshpoint is varied from 5 × 10 19 to 10 21 cm and the inner mesh point varies from 5 × 10 16 to 10 18 cm.
There are many factors that could be included to make the simulations more exact.
For example radiative cooling, thermal conduction, inhomogeneities in the ISM, magnetic fields, turbulence, inhomogeneity of the stellar wind, varying composition and radiative heating and ionisation. Including these details would alter the simulation results. For example van Marle, Langer & Garcia-Segura (2004) investigated the effect of including photoionisation on the size of the stellar wind bubble. They found the inclusion does affect the size of the bubble. However including all these details would slow down our code. Furthermore most are not well understood or constrained. Using simple models allows us to estimate the general shape of the environment we can expect and the relevant important distances within the circumstellar material to order of magnitude accuracy. Table 2 . Distance of free-wind to stalled-wind interface. n 0 is the initial ISM density in particles/cm 3 . R SW is the radius of the free-wind/stalled-wind interface in cm. The evolution of the bubble begins during the main-sequence with a weak (≈ 10
and fast (≈ 1000 km s −1 ) wind. This creates the bubble in the ISM and is important for the overall size of the bubble as this wind endures the longest time. With higher ISM densities the size of this bubble can be very small as the wind is not powerful enough to push out against a dense ISM. Almost immediately after the bubble starts forming, it grows and organises itself into the structure shown in figure 3 with an inner free-wind region separated from a slowly expanding stalled-wind region by a shock; there is then a thin dense shell of swept-up and shocked ISM and then outermost the undisturbed ISM. There is a contact discontinuity between the ISM and wind material The flatness of the stalled-wind region depends on the initial ISM density and the inhomogeneity of the wind. We introduce random variation in the wind speed of the order of 1 percent over the azimuthal direction as in for example
Garcia-Segura, Mac-Low & Langer (1996a). Increasing the magnitude of this factor results in more mixing, instabilities and inhomogeneities in the wind.
The circumstellar environment of Wolf-Rayet stars & Gamma-ray burst afterglows. 15 Table 3 . Distance of stalled-wind to SW interface. n 0 is the initial ISM density in particles/cm 3 . R ISM is the radius of the stalled-wind/ISM interface in cm. After the end of core hydrogen burning most stars expand to become a red giant with a strong (> 10 −4 M ⊙ yr −1 ) and slow (≈ 100 km s results. In these figures we use the same stellar model but begin with different initial ISM density. As we can see the result roughly follows the simple model in figure 3 although the inhomogeneity of the stalled wind region can be a few orders of magnitude. We also find that the initial ISM density effects the structure of the stalled wind region. In figure   4 the stalled-wind/ISM interface varies to a larger degree than that in figure 5 . This is because with the higher density ISM the shell of RSG material swept up by the WR wind can reach the interface. Instabilities in this shell make it form into loops as it travels (Garcia-Segura, Langer & Mac-Low 1996b) . When it reaches the outer interface these loops produce the variable interface shown in figure 4. With lower ISM density the bubble is much larger and the same shell never reaches the outer interface and the instabilities have not grown to the same level as in the higher density ISM case. This leaves a shell of material moving at a few 100 km s −1 away from the star. The strength of these instabilities maybe dependent on azimuthal resolution. If this was increased the shell may become unstable and not be as well defined as we find here.
For the GRB afterglow lightcurve however only the magnitude of the stalled-wind/free-wind interface is important since once the jet encounters this interface it will slow considerably and will take years to reach any of the large density variations at which point the afterglow will be unobservable. However these shells will have consequences for the afterglow spectrum (van Marle, Langer & Garcia-Segura 2005), which we discuss below
We show in tables 2 and 3 the positions of the important interfaces in our simulations.
These are the position of the free-wind to stalled-wind interface in table 2 and the position of the stalled-wind to ISM interface in table 3. We calculate these values by averaging the position of these boundaries over the azimuthal direction. Looking at the tables we see how these distances vary with the three initial parameters of initial metallicity, initial mass and initial ISM density. The possible distances for R SW range from 2 × 10 18 to 7 × 10 20 cm.
The value of R ISM varies from 10considering the ionisation of the region around the GRB progenitor. We will be able to calculate the extent of the region ionised by the prompt GRB emission and the amount of material that remains unionised leave an imprint in the afterglow absorption line spectra.
The most important parameter is the initial ISM density. Stellar parameters produce only slight variation in the bubble size. The stars that lose the most mass produce the larger bubbles as they input more energy into the bubble to make it expand further. It is interesting that the change from small bubbles to a very large free-wind regions occurs over a reasonable range of ISM densities from 10 3 to 10 −3 cm −3 . The model of Weaver et al. (1977) predicts that R ISM ∝ n . When we compare these trends to those in tables 2 and 3 by extrapolating from the n 0 = 1cm −3 column we find reasonable agreement. The difference between analytic and the numerical values are mostly less than 0.3 dex. The largest differences are at the highest or lowest ISM densities.
For R ISM the main source of difference from the analytical expression is from taking the average value of R ISM . This introduces some uncertainty into where we define this interface and the effect is largest for the smallest bubble sizes. R SW is affected by the use of non-constant wind velocities over the star's evolution. With the bubbles being different sizes the wind parameters at the interfaces change with initial ISM density. In the cases where the wind is constant in nature during the final stages of evolution the simulations reproduce the analytic expressions well. However if the wind is changing on a timescale similar to the time it takes for the wind to reach the interface then the assumption made in the analytical models breaks down.
The density jump at the free wind/stalled wind interface is always close to an order of magnitude as expected because it is determined by the difference in the expansion velocities of the bubble in the free-expansion phase to the adiabatic stalled-wind expansion phase as discussed by Weaver et al. (1977) . GRB afterglow models assume the jet traverses either a constant density medium or a free-wind medium. Wind models should also include the stalled-wind region. The environment can be modelled simply with the final wind parameters from stellar models used for the free-wind region. Then the beginning of stalled-wind region can be determined by assuming a radius for the density jump. The size of the jump is an order of magnitude greater than the free-wind density at that point. There are large inhomogeneities in the stalled-wind region. However these tend to be deep in the stalled wind.
The afterglow jet is unlikely to propagate far once it has penetrated the stalled-wind region as it is decelerated by the density jump. Therefore when inhomogeneities are encountered the afterglow will no longer be observable.
The Free-Wind Density
The free-wind density is an important parameter that describes the free-wind environment.
A number of authors have modelled afterglow lightcurves with free-wind profiles for the circumstellar environment. These calculations provide an estimate of the density in the region around the GRB progenitor. The values are listed in table 4 taken from Chevalier, Li & Fransson (2004) and Panaitescu & Kumar (2002) . The wind density is defined as,
with,
whereṀ is the mass-loss rate and v wind is the wind speed. However it is more convenient to use a wind density parameter, A * , normalised to have a value of 1 for a standard WR wind,
We show in figure 6 the A * values derived from our models over initial mass and metallicity. In the figure it is clear that for WR stars the A * value is relatively flat. For most WR stars A * ≈ 0.6 to 0.8, the lowest value we find here is 0.55. There is a ridge in initial mass/metallicity space of WR stars with higher A * values up to 3. This region separates lower mass stars that have a red supergiant phase from the more massive stars that move straight from the main sequence to WR evolution undergoing an LBV phase.
Therefore our full range becomes, 0.55 A * 3. Taking into consideration the uncertainty in the mass-loss rate and wind velocity equations given by Nugis & Lamers (2000) It could be that the wind densities in these cases could be explained by a WO progenitor rather than a WC progenitor.
Then we can consider processes that might effect the dynamics of the circumstellar environment. The effect of rotation has been studied by Langer, Garcia-Seguar & Mac Low (1999) and Petrenz & Puls (2000) . The studies tend to indicate that the density along the stellar rotation axis, where the jet is thought to propagate, will remain constant or increase.
This does not help our search for a low density wind. We have ourselves tested the effect on the wind structure if the progenitor is in a binary. We assume the binary orbital speed to be a fraction of the WR wind velocity (100 kms −1 ). With this we find the value of A * along the polar region is reduced by a factor of 10. Also the free-wind to stalled-wind boundary moves inwards by a factor of 10 as well. This is because with the density in the polar direction reduced, so too is the pressure. This indicates one source of the lowest observed wind densities might be binary stars.
The physical process that causes this decrease is simply the conservations of momentum.
In a frame co-rotating with the binary material that is emitted in a stellar wind will experience a centrifugal force away from the centre of the binary. While this will have little effect on material leaving parallel to the orbital plane, material moving parallel to the rotation axis will drift away from the rotation axis. The rotation axis is not completely cleared of material as the pressure of the free-wind region will balance the centrifugal force.
Another possibility is that the low A * values are very similar to those produced by blue supergiants (BSGs). We know it is possible for evolved BSGs to explode in a supernova. The stellar progenitor of SN1987A was a BSG. It is thought that the star underwent a merger event with a binary companion that led to a single BSG (Podsiadlowski 1992) . 
MODELLING THE GRB AFTERGLOW LIGHTCURVE.
After the prompt emission of gamma-rays in the GRB itself the relativistic jet continues its motion and is decelerated by the material around the progenitor causing a shock that transfers energy from the jet to radiation that is emitted. This is the GRB afterglow. The emission slowly decays with time usually as a smooth power law. There are some cases however where the afterglow is far from smooth and in some cases rebrightens considerably before continuing to decay. In this section we will not attempt to fit model lightcurves to observed GRB afterglows but will instead show the relative effects of varying the circumstellar environment density profile.
In our calculations we assume that the initial kinetic energy in the relativistic jet has an isotropic equivalent value, E iso = 10 53 ergs. This corresponds to a true energy, E =
(1 − cos θ)E iso = 4 × 10 50 -3 × 10 51 egs, for jet opening angles in the range 5 -15
• , in agreement with observations (Frail et al. 2001; Panaitescu & Kumar 2001 ).
We follow the dynamical evolution of the relativistic jet using the simple formalism for energy and momentum conservation derived by Paczynski & Rhoads (1993) . The calculation is stopped just before the jet enters the non-relativistic regime (in practice at v = 0.75c).
Once the evolution of the Lorentz factor is known, the synchrotron emission of the jet is computed following Sari, Piran & Narayan (1998) . It is assumed that a fraction, ǫ B of the internal energy in the post-shock region is transferred into the magnetic field and that a fraction, ǫ e , is injected into a population of non-thermal relativistic electrons, with a power-law distribution of slope, p. We have adopted, ǫ B = 10 −3 , ǫ e = 0.1 and p = 2.5, which
are typical values found in afterglow fits. Finally the effect of the opening angle of the jet and the viewing angle of the observer is included following the formula given in Woods & Loeb (1999). Here, we have focused on on-axis observations (the line of sight and the jet axis are the same) but we have considered different opening angles of the jet: θ = 5, 10 and 15
• as well as a spherical ejecta for comparison (isotropic ejecta). We then calculate the resulting flux in the V band, with the GRB at a redshift of one.
In figures 7, 8 and 9 we compare results from calculations with different values of the wind density parameter A * , boundary radius between the free wind and stalled wind regions,
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R SW , and the jet opening angle, θ. The light curves are characterised by an initial slope corresponding to a wind environment, a jump when the shock reaches R sw followed by a shallower slope in the constant density medium. For some of the lightcurves the break expected when 1/Γ = θ is observed after the jump. Figure 7 demonstrates the effect of varying A * while keeping R SW constant at 10 18 cm.
A denser wind has a more intense afterglow and is decelerated more quickly. Therefore the jet takes a longer time to reach the density jump at the free/stalled wind interface. The slight bump in the lightcurves occurs when the jet encounters this interface. In the case when A * = 1 the bump is observed the latest as the dense wind decelerates the jet rapidly.
For a very dense wind (A * ≈ 10) the jet can be decelerated very quickly so that the reverse shock is efficient during the GRB. This may affect the prompt GRB emission if the emission mechanism are internal shocks in the jet.
In figure 8 we show the differences introduced by moving the position of the interface in our density profiles. For the smallest distances the effect of the jump is hidden in the general shape of the light curve with only pronounced bumps at later times. This figure also demonstrates the different slopes of the lightcurves decay when the jet propagates through a constant density or free-wind medium. Importantly when A * and R SW are set to the values in table 2 we find that the rebrightening would occur after 10 days in most cases. At this time the afterglow is already dim and such effects maybe difficult to observe.
Finally figure 9 shows the effect of altering the opening angle. The possible afterglow lightcurves are interesting. All follow the same pattern and all have substantial brightening at a few days after the GRB due to the jet encountering the free-wind/stalled-wind interface.
The greatest effect on the lightcurve comes from the break as the jet is decelerated and 1/Γ drops below the opening angle of the jet.
The most important value to fit with any calculations is the initial value of A * . This will provide a solid constraint on the progenitor as it is directly related to the final mass loss of the massive star. The position of the jump can be found from rebrightening in the afterglow but is of limited use because it is affected not only by the details of the progenitor but also by the initial density of the ISM and the uncertainty in the wind velocity of pre-WR stars.
Although in the cases where the afterglow is better described by a constant density medium this can be explained by R SW being smaller than around 10 16 cm so any signature of the wind profile will be in the very early afterglow lightcurve.
ABSORPTION LINES IN GRB AFTERGLOW SPECTRA
The first GRB afterglow was observed for GRB970228 (van Paradijs et al. 1997) . The wait for a redshift from a GRB afterglow was short, it was observed for the second observed afterglow of GRB970508 (Metzger et al. 1997) . From a spectrum the redshift of a GRB can be determined from lines intrinsic to the host galaxy or absorption lines within the host galaxy. In some cases there are extra absorption lines that have a small difference to the redshift of the host galaxy and the GRB. The inferred velocities of this material are a few hundred and a few thousand kilometres per second. Upon discovering these lines it has been suggested that they might be caused by absorption by the GRB progenitors stellar wind material (Schaefer et al. 2003; Holland et al. 2003; Starling et al. 2005) . Although there are alternative explanations such as structures related to the host galaxy rather than the GRB progenitor.
With our stellar models and simulated circumstellar environment we have information on the velocity profiles we can expect from the stellar wind. The predicted velocities for the free-wind region do match well with the velocities of the absorption lines at the highest velocity offset. In the stalled-wind region we also predict velocities of a similar magnitude but we find the exact figure depends quite sensitively on the initial ISM density and the wind
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The first main question is whether the ions observed are present in the pre-GRB wind.
We verified this by modelling the environment using the program Cloudy V96.01 (Ferland 2003) . We used a black body spectrum for the WR star emission at effective temperature and luminosity of WR stars. We found that the observed species are present in the free-wind region.
The second, and more important, question is whether the GRB completely ionises the immediate environment as discussed by Lazzati et al. (2002) and Starling et al. (2005) .
Therefore only fully ionised species will be present which cannot produce absorption lines.
In Lazzati et al. (2002) the comment is justified by calculating the recombination time-scale of the material and finding it was much longer than the time the afterglow is observed for.
While in Starling et al. (2005) they estimate this in terms whether there is enough energy at a certain radius to complete ionise the material.
We also investigate if the initial emission would be able to completely ionise the surrounding medium. We start by considering the ionisation cross-section, σ(E), where E is the energy of the incident photon. We approximate the cross-sections energy dependence as,
when E i is the minimum energy required to ionise the species in question. Our next step is to estimate the number of ionisations per atom or ion at a distance R from the GRB,
where N(E) describes the spectrum of the GRB such that N(E)dE is the number of photons produced by the source between E and E + dE. We also define R max such that n i (R max ) = 1
gives the maximum distance where the atom or ion can be ionised. Before we evaluate this the isotropic radiated energy of the burst, ζ = E iso /(2E 2 p ). With these assembled formulae we evaluate equation 9. The result is,
We take the ion C(IV) as our example as this has been observed in some GRB afterglow spectra. We use the burst parameters from GRB021004 which we discuss later. Therefore we have σ i = 0.66×10 −19 cm 2 , E iso = 2×10 52 ergs, E i = 46 eV and the rest frame E p = 200 keV.
Using these values we find R max = 2.3 × 10 19 cm. From this we can assume that nearly all C(IV) in the free-wind material is ionised, this argument despite being very simplistic means that absorption lines in the afterglow spectra are probably from material not associated with the GRB progenitor. But we only look at one species of one element, the combination of all elements present may increase the absorbing power of the circumstellar material. We can also find that some of the free-wind regions in our simulations are larger than this size if we start with a low ISM density. At initial ISM densities of n 0 1cm −3 , the R SW is greater than this ionisation radius so it is possible for some material to remain unionised and produce absorption lines in the afterglow spectra. Comparing to the ionisation radii calculated in Starling et al. (2005) we can make a similar conclusion.
There are also other details to consider. Starling et al. (2005) suggested the jet may be structured. The jet may be formed from a central hyper-relativistic core surrounded by less relativistic material that gives rise to the afterglow. There is a similar alternative explanation that uses the temporal structure to the jet. Initially the jet will be tightly confined as will its emission by the large beaming factor due to the relativistic motion. This means all the ionising flux will be tightly beamed through only a small fraction of material directly in its path. However after the initial burst and the fireball propagates it will spread out. Therefore while the material down the centre of the jet will be ionised the material at the edge of the jet will not be. This becomes more true the larger the angle between the jet axis and the line of sight.
We conclude that the lines we see could come from the GRB progenitor's wind in some cases. Only observations of more GRB afterglow spectra will indicate if this is a general trend. We also predict that there will be an evolution of the observed spectra with time. For example eventually the jet will reach beyond the free wind, at that point the higher velocity absorption lines should disappear from the spectra. If they were to remain then they must be external in origin. Although it is very improbable the afterglow will remain luminous enough at late times to allow detailed spectroscopy.
COMPARING TO OBSERVED GRBS
While there are a large number of observed GRBs and a good fraction with observed afterglows there are relatively few with observed absorption line spectra. Below we discuss three GRBs that have observed afterglows and compare them with our predicted circumstellar environments.
GRB021004
The position of this burst was localised within a few minutes by HETE-2. This meant that detailed optical afterglow observations were taken. Many different groups took spectra of the afterglow (Schaefer et al. 2003; Holland et al. 2003; Starling et al. 2005 ).
Starling et al. (2005) found there were absorption lines for C(IV), Si(IV) and Hydrogen, blueshifted with respect to the host galaxy with velocities of around 3000 and 500 km s −1 .
Their interpretation was that these lines were caused by material in the stellar wind of the GRB progenitor.
Possible resolutions of the ionisation problem were discussed above. However the presence of hydrogen should not be possible if the progenitor star was a WR star. Starling et al. (2005) suggested the WR star was in a binary with a main-sequence O star companion. The O star wind would mix hydrogen into the WR wind. Both stars have similar wind velocities and the majority of the material in the resultant wind would still originate from the WR star.
If we assume that the absorption lines are from material in the stellar wind we can ask, 'what does the afterglow and absorption lines tell us about the progenitor itself? ' Chevalier, Li & Fransson (2004) estimate an A * value of 0.6 for this GRB. On figure 10 we plot the region where A * = 0.6 in initial mass and metallicity space. On the same plot we include contours of the free-wind speed determined from the absorption lines of v wind = 3000km s −1 . These contours do not overlap. However the mass-loss rates and the wind velocities are uncertain. In figure 11 we increase all predicted wind velocities by 0.13 dex, the uncertainty in the wind velocity equations, an overlap now occurs. The inferred free-wind density and wind speed therefore agree with the predicted details of a low metallicity WC
star.
An alternative explanation is that the progenitor may be a WO star. This is possible however WO stars tend to have higher wind velocities and a lower free-wind density. However the progenitor could have been a transition object with faster wind speeds than those
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The low velocity winds provide extra information on the wind structure around the progenitor. van Marle, Langer & Garcia-Segura (2005) discuss how the lines are likely to be caused by the shell formed when the slower RSG wind material is swept up and accelerated by the faster WR wind. We find this occurs in all our simulations were the stars go through a RSG phase. For initial ISM densities, n 0 1cm 3 , this shell reaches the stalled-wind region, decelerates and mixes into the stalled wind. At low initial densities (n 0 0.1cm 3 ) we find that the shell does not reach the stalled-wind region and remains in the free-wind region.
The velocity is typically a few ×100km s −1 , for a number of our WR stars the shell is close to the observed 500 km s −1 . Therefore the lower velocity lines give a qualitative indication of the initial ISM density.
From our models we can estimate limits on the initial parameters for the WC star progenitor, initial mass was 60M ⊙ , the initial metallicity of 0.01 and the initial ISM density 0.1cm 3 . Alternatively the progenitor may also have been an WR star between the WC and WO phases at any metallicity. However such stars at solar metallicity will lose too much mass to form a black hole directly at core-collapse, therefore lower metallicity stars are favoured. Also if the star is in transit between the two WR types it will only have the correct wind speed for a short timescale. This means the free-wind region with this wind speed will be small and therefore completely ionised by the GRB emission. The WC star progenitor is therefore favoured.
GRB020813, GRB030226 and other bursts.
There are two more GRBs with absorption lines slightly offset from the host galaxy redshift.
For GRB020813 the inferred wind velocity was 4320 km s −1 with an A * ≈ 0.01 (Barth et al. 2003 star with the circumstellar environment lowered by the processes discussed above.
DISCUSSION
The study of GRBs and their afterglows is a rapidly expanding field; it is not only of interest to those who wish to understand GRBs but also those who wish to use GRBs as tools to solve other problems, such as investigating star-formation history or the Lyman-α forest. In this paper we have both described the circumstellar environment of possible GRB progenitors and discussed the effect of such an environment on the GRB afterglow.
The details of the progenitor that affect a GRB afterglow are the final wind velocity and mass-loss rate, these together determine the A * value of the free-wind region around the star. This value affects the slope of the afterglow lightcurve. For some environments the afterglow jet might encounter the density jump at the interface between the free and stalled wind while it remains observable. This density jump is about an order of magnitude and it is easy to use a simple model density profiles of the free-wind region connected to a stalled-wind region. The circumstellar environment in current afterglow calculations only considers the free-wind profiles and ignore the stalled-wind region even though it has been known to exist for sometime (Castor, McCray & Weaver 1975) . The environment can be described by A * , R SW and ∆ρ jump . From varying these three numbers it should be possible to reproduce afterglow lightcurves, using the values of A * and R SW from our stellar models as listed in table 2, with ∆ρ jump ≈ 10.
A * have been inferred from observations of GRB afterglow lightcurves. Comparing these values to those from stellar evolution models we find the ranges agree. Further more, using the inferred free-wind velocity from GRB afterglows we are able to estimate the range of possible initial parameters for the progenitor. No firm conclusions can be drawn however as the uncertainty in WR wind velocities and mass-loss rates remains considerable. However as our understanding of these objects grows it may become possible to use the method presented here to limit the parameter space of the progenitor. One important question that must be answered is how the mass-loss rate and wind velocity scales with initial metallicity. For
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The dependence on initial metallicity may therefore be very weak.
Of further interest will be the effect of rotation and/or a binary companion on the progenitor star and the circumstellar environment. Rotating models of GRB progenitors do retain enough angular momentum to form an accretion disk around the forming black hole to produce a GRB (Hirschi, Meynet & Maeder 2005) . Magnetic fields remove this possibility (Petrovic et al. 2005) . But binary stars can spin-up a star by mass-transfer events therefore they may be the more likely progenitors (Petrovic et al. 2005; Izzard, Ramires-Ruiz & Tout 2004 ).
The circumstellar environment is the next step to consider, simulations show rotation is unlikely to change the details of the circumstellar medium (Langer, Garcia-Seguar & Mac Low 1999; Petrenz & Puls 2000) . Because of the many possible evolutionary paths for binary stars the environment could be very different to that from single stars. For a wide binary interactions will only shorten the RSG phase by enhancing mass-loss. For closer binaries common-envelope evolution may occur leading to a tight WR/O star binary where the mass-loss rate of the WR star maybe enhanced by the companion leading to larger numbers of WO stars. Also as discussed, in a tight system the centrifugal forces would clear material from the orbital rotation axis and therefore a lower free-wind density would be inferred.
CONCLUSION
• Our predicted value of A * for single WR stars span a small range, 0.55 A * 3. Due to the uncertainty in WR star winds the lower value may be as low as 0.3.
• All our WR models end as WC stars and we have no WO stars. WO stars have higher wind velocities than WC stars and therefore may give rise to the lower A * that are observed if also the mass-loss rates are lower than for WC stars. WO stars are probably the result of enhanced mass-loss during evolution due to rotation or duplicity.
• GRB afterglow lightcurves for which low A * values are inferred may have occurred in binary systems. With the orbital motion decreasing the wind density along the polar axis due to centrifugal forces.
• The typical observed free-wind velocities inferred from absorption line spectra of GRB afterglows agree with predictions of pre-SN WR wind speeds from single non-rotating stars.
• The presences or absence of slower lines in some absorption spectra may indicate the initial ISM density within which the stellar bubble grew.
• It is possible for the free-wind region to become extremely large, in some cases larger than the ionisation radius from the prompt GRB emission. Therefore it is possible for the wind material to remain unionised and be observed in the afterglow absorption line spectrum if the initial ISM density is n 0 1cm −3 .
• The free-wind region can be large enough that rebrightening due to that afterglow jet encountering the free-wind/stalled-wind interface is after 10 days.
• We indicate that from limits on the value of A * and the final wind speed from the GRB progenitor it may in future be possible to estimate the initial parameters of GRB progenitors. Based on our study a possible progenitor of GRB021004 was a WC stars with, M initial 60M ⊙ , and had an initial metallicity below solar metallicity. It was unlikely to be a WO star which have higher wind velocities and lower free-wind densities.
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